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Generation of electrical power in space is a very important
aspect of space flight. Many of tle problems of the exploration and
utillizatlion of space would be so much sinmpler 1f more power wore
available in the vehicles. Increased power generally requires increased
weight however, and weight is sharply limited Dy the capabilitj of the
Jaunching rockets. Different energy conversion schemes are thus con-
sidered good or bvad primarily on the basis of power-to-weight ratio,
with other characteristic features of a particular system of less im-
portance except to thé extent that they affect the power-to-weight ratio.

The most cagual review of the literature reveals a wide variety of

energy conversion systems being sctively considered and developed now.

NASA recognizes several maj&f'aﬁa dié%ﬁnct categories for solar energy
conversion éystems.aldné iangiﬁgffhigﬁéﬁ phaotovoltaice, thermo-eleciric,
thermionic, magnétofluiddynamic, turbd—electric, and so forth. Dielectric
energy conversion does not fit well into any of these established cate-
gories, and in facﬁ has‘ndﬁ been widely regarded as a promising power
supply. Curiously howé?er, a numb;r of analyses of dielectric systems
have been presented and the conclusions have been generally favorable
with regard to power-to-weight ratio to the extent that it has been .
considered. These analyses include a n;mber of papers by S. R. Hoh
starting in 1959‘,:L a paper by myself in 1960, NASA TN D-336,2 and

an analysis by J. D. Childress in 1962.3
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The purpose of this paper is to pursue the analysis of dielectric
energy conversion to a point where a reasonable accounting can be made
of the power output, losses, and items of weight in space power systems
of this type. Equations are developed for performance in terms of
dielectric properties, and your close attertici to the details of this
development is invited. The results are then applied to a specific
compurison for a typical space vehicle pay-load.

The principle of energy conversion in a dislectric can be de-
scribed by referring to this first slide. (Slide 1). A variable
capacitor is characterized by two different values of capacitance Cl
02. Closing of the switch Sl permits charging of the initial capaci-
tance Cy to a voltage Vq apd a charge ﬁ,= ClV . Opening the switch
Sl isolates the capacitor electricaelly so that in changing the capaci-

tance irom C, to C, its charge remeins constant and its voltage under-

goes a change from Vl to VE' The change in capacitance is assumed to
be caused by a temperature change in the dielectric. The switch Sp

can now be ciosed and the charge completely removed through s load
registor assumed capable of absorbing éll the energy usefully, reducing
the capacitor voltage to zero. The cycle is then completed by restoring
the capacitor from 02 to its original value Cl' If switching and cir-
cuit losses are neglected and this idealized procedure is repeated £

times per second, the power developed is the difference between that

supplied by the battery and delivered to the load.

] 27 C'A.
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Note that this net pO"er'is realized cnly when the initial and final
charge on the capacitor is zero.

This simplified circuit is helpiul in describing principles but
not very satisfying for critical analysis because of the neglect of
power losses in the circuit which may be important. In the next
slide (Slide 2) a more practical circuit is shown. Note first that
the battery connection is now such that charge drawn from the battery
V in charging the capacitor is later restored on discharging the
capacitor, so that the net drain on the battery is only that due to

The Lapacidoe leakage
capacitor leakagezresistance is shown as RZ in parallel with C(T).
Both are functions of temperaturs due to heat flow in and cut of the
dielectric, and may algo bg functions of voltage stress. Assuning

Ry is defined in terms of T and V, one could in principle get an

2 A
average value of ?{ for a cycle and represent this by .é&- where
| S t,

RQ: is scme effective value of Rl' Where only small changes in
temperature are involved; and in the applicaticas éonsidered follow-
ing this willuﬁe the case, Rhiis approximately equal to the value
of Rt at the mean temperature of the dielectric.

Switching is considered to be accomplished by the silicon-
controlled-rectifiers SCRl and SCR2. The resistance R is the resis-
tance of the SCR in the forward direction in series with the inductor
and circuit resistance. The inductors L are necessary to minimize
switching loss, since it is a fact, for example, that closing a
switch to charge a condenser containing only a capacitor and battery

results in an unrecoverable switching energy loss equal to The energy
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in the capacitor. The inductor periics reduction cf the loss during a
[ XUy} Lz
Lo

2 W

cycle of charge and discharge by a factor cf arproximately
which can be designed to be small for apprcpriately selected valucc of
R, L, and Cs.

Note also another very importaant fesbure which the inductance
provides, which is the complete charge and discharge of the capacitor,
resulting in maximum power output for a given capacitance change. Dur-
ing the charging cycle, the voltage on the capacitor rises to a value
nearly twice that of Vb due to the presence of the inductance. Simi-
larly, if the battery in parallel with the load is selected to have a

n L C‘A PR X S y . " .
voltage equal to Vb C. =\} then cn discharging the capacitor through
%
.SCR2 the voltage on the capacitor goes completely to zero while a steady
. fC, - ‘
output voltage of Vb(z’ ﬂ)is maintained.
; Yu\Ca"
“The perférmance of thig circuit is summarized in the expression

for power:

v= }i"c““ L= 'E?:‘ -2 i -FR:OCQ_‘

This circuit vmodelwis- effiéient and will be assumed to apply in the
following analysis.

For the cycle considered here, variations in capacitance are accom-
plished through changes in temperature ‘of the film. At any temperature
of the film there is a corresponding value of capacitance as shown on
this next slide (Slide 3). It is ncw assumed that the temperature varies

~

by some small amount T from an average value To , and that the capaci-
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The power per unit area of film can then be calculated, using

3 . = Ve
C°= K(sA - o
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One can then consider in detail the temperature extremes for the
dielectrie. The situaﬁiﬁﬁ;béiﬁé considered is shown in this next
slide: (Slide 4). A cyiinériéal thin film is rotating in space gt a
rotational ffééuéncy £." A heat balance equation can be counsidered
in which the heat input is comsidered to be entirely due {o radia-
tion from the Sung_ Hbgt output is through radiation into space from
the outer surface.accérding to the fourth power of the surface tem-
perature gradient acroés the film, and negligible heat conducted along
the film compared with that radiated. The differential equation defining
the temperature variations for these conditions is derived in NASA TN

D-336, and is shown on this next slide. (Slide 5).
4 CEY =S - )
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Curves of the variation of temperaturs with ansaler position are also
shown on the slide. These were obizined by numerical integration on

a digltal computer. Note that 5’(' is a paraneter which Includcs the
important pihysical properties of the film. This includes rotational
frequency, f, film density, (D , film thicimess, 1 , specific heat capa-
city, Ci,;,, surface emissivity, & , the Joule equivalent, J ,'and the

tephen-Boltzmann constant, G . ote also thet Te is the equivalent

black-body, subsolar temperature at a given radial distance from the
; L ppey .
sun. Thus jad Te is merely the eguilibrium temperature that a

Vg

the film would achieve with its surface normal to the solar

section of
direction.

The d.Ou'Bed sine curve, r'l 2aD, represents zero rotational speed for
example. In the present analysis attention is directed to the opposite
extreme, small values of rl representing rapid rotation where the
temperaﬁure extremes are small. There is a particularly interesting
solution for this case which can be derived by assuming that the
temperature of the film is some steady T; with superimposed incremental
variation "F(@) The {temperature equation can then be linearized in a
manner conslstent with the equation for power developed earlier. This
is shown in the next slide (Slide 6). Where T is represented by a

Fourier series in © .

Te T, TO®

] .
e T. <+ 'f; Aﬂ ‘3‘;""’%@ +
= < ey h 115

t
Iikewise the right hand side of the temperature equation can be

[\!\&

< o> N
E‘} CV"O e

represented by a Fourier series. The sine term for the heat input
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Substituting che Fourler series representatcion for 7 and g yields o

set of algebraic eguations, two for each freguency, containing the un-

knowns An and Bn° One can solve immediately for T abt any value of Vi:

ST ares
TG T\-& L

-

which is the value to vwhich the Teumperature converges as V=20 in the
numerical solution. ILikewise, for small Q the alterrating compone
of temperature converges very repidly on the Tirst cosine term in the
series. ;. 4

"?"' = 3‘ ‘m 9 .= _ ;}: (3“‘\} T:;,i Cin © (,g'ar ’f'i“:-’ 0)
This is a grazllyln\_,ly simple solution and can e shown to apply over a

wide range of Yz as shown in this next slice. (8lide 7). Here we have

compared the precise numerical solutions from NASA Tl\TD-/?;B/@for two
‘ AN

different temperature condi’cions?@rith the linearized solution) and-the
linearized value is shown to apply with recascnable accuracy for values
of ;‘z less {Than 10_9 per %K. Acceptan e of this linearized value then
permits closed solutions for efficiency and performance of energy con-

version as shown in this next slide. ({Slide 8). Thus the Carnoct

efficiency becomes, - .
i) (5 . ot J"‘{- = 2
<y 3 NN / il = - ..
Carnot Efficiency = el i ‘\T——\" - TQ -:."{'{";f‘ s <%
b v P?. pr < ~
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ssunming low Carnot

efficiencies. The power oubput per wiit film area can be derived by

S

, 4
Since the incident power per unit sreca due <o solar radiation is Q"TC

ey =

\
=y times a shape factor % , the overall erergy conversion efficlency

}q')

is @
A L i(.. [ Z 1
o R i - ,
fa R Rl - ‘ i“ G - 4 "" r f’ b
Overall efficiency = x -t — - ] f——’l —_ i
L v - SN Vol Rj‘ \..5&
S { 3 &

, * _ %
Power A% KQE ‘-‘»‘.{% g = - ~ \
. ‘ : : i &

o

In reviewing these formulas it will be noted that the power output and
overall efficiencyv are dependent on the energy which can be stored in
a dielectriec, %%Eg and in-this respect therc is a common interest
with develorment of dielectrics for other purpeses. Note also that
the leakage time constant Rz C o » which is a fundamental property of

]
the dielectric material independent of geometry, should be high soc that

the latter term in the brackets will be swall., The second term in the

.
-T N ‘;’" .

brackets, f-iéﬁ,‘!t; which also detracts from the power cutpub, can be
2
-

made erbitrarily small with good circuit design. The most important term

in the brackess is the first term. It can be concluded from this that



lonz as

1

regquency is high coouga to penndd

1}

terms in the brackets. That is, The product of Ifrogucncy and change in
i’ . temperature is a constant. The influence of the chnange of capa-
citance withn temperavure, film thiciness, densivy, nealt capacity, etc.,

is als

@)

clearly shown in the forzw

variety of dielectric materials For vossible ennlication here.

cae should note a number

of differcences between this arnd mere convertional circult applications.
Crnz 1s that dielectric films in the vacuwm conditions of space will
have dielectric strengths grestly iwmproved over comnercial standexrd
values as inferred from *+he data of Tnuishi and Powars ab M‘.I.T.LL Other
Tactors are tnat the alelectrlp shﬂula be a very low vapor pressure

Ry

solid, be mechanicall -stx0o ant resistent 1o radiation damage.
J - =

-,

Fer?oelectric.materials~have‘been mentioned most frequently Zor these
devices because of high dielectric constant and change of capacitance
with temperature. Plasﬁic filwms may well have superior performance
vecause of higher dielectric strength, and better mechanical and thermal
properties in thin films. Studies of comparative performance are now

very difficult because of the lack of test datz for the conditions of

One can, however, get an appreciation for this type of power unit
in comparison with other types by assuming a situation illustrated 1
this next slide. (Slide 9). dHerec we have the Thor-Delta launch vehicle

with the low-drag paylicad fairing cutline inficated. This vehicle has
g oy g
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warich is asout 15 squarc

covered with solar cells on a proralng vehicle would gor,

e ot ey EaTorihetane!

Je colevioticn. The dielectric

R ] A | s
which is & mechanically rugaed

thicimess and having the die-
5/

7 3 3 ] o ~ = b W]

lectric properties shown in the tetle.”’ Coe of the difriculties in

assembling a list of this type is that values of dielectric strength,

dielecvric constant, and leakage factor have not been measured under

[¢)

cnditions of high voltage stress, in vacuum, with thermal cycling. The

F

SO e

)

igures shovm represent ex*e*im~auuT Cata bul not prescisely

conditions considered. These tabulated figures inserted in the previously

presented equations yield values of 250 square feet for the film area

- - e

znd .Lh pounds for the film weight. The Carnot efficiency is 2.5% and
the overall efficiency is 0.63%. The film temperature varies F 5

-10 0.3 faas . R
%1 correspends to 1.6 X 10 per KY., Additional items of weight

in circuitry are estimated from thls next slide. The dielectric film

. SIS I R ) P T T
18 aiviced 1nTe SECClOnS) eacCil OL wizCid i CRar

separately &t the appropriate point im the cycle. The batteries have



two capacitors € store the charoe

lcad. Similar circults are in pad

)

Lroagh the commutetor so that cnly wwo carscitors C, and cne mddest-

sized inductor are needed in the avxilliaszy circultry of ths nower cystenm.
= PRI PRI I U T s N R SR I =5\ o+
The veasiclie might look as showm Zn thi: next slide. (Slide 12) to

the sare scale es the previous vehicle sketeh., lere the filnm 1s showm

drarved arcuad the folding bocomns Inzids the Dzliva foiring. Thesevwould

e extendced by centrifugal force and the film held in position by
stiffeners and restraining wires aiter injsction into trajectory. The
total weight of circulitry, dielectric film, wires, and stiffeners is
estimated to be § pounds. Some redesign ¢f tiae vehicle is also indicated,
with some equiﬁment out on booms that was inside the vehicle on the other
versicn, and considerabie chrange in stabiiizsticn system and agvenna
requirements. If it is assumed that dnerssscs and decreases In weight

ouvside the power subsystem can be traded off evenly for no net change,

then the vehicle weight has been reduced P pounds Lo a weight o

Hy
-
&

pounds. There are situations in which a saving in weight of this

K

zCditicnal scientific instru-~

b
X

magnitude would be of value in provid

mencation, commmication, or trajectory capability.

These calculetions are presented tc illustrate the possible per-

formance advantages and problems cf this type of energy couversion

tn

R SIS

ert. There are uses and applicziions for ligater power systems. Thae

ok

s

0

principle unsolved problems now a2ppe2ar to e in an understanding of

dielectric properties for the environmert ccnsidered.
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LINEARIZED SOLUTION OF THIN FILM TETIPERATURE
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TYPICAL SOLAR CELL POWER SUPPL
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TABLE OF DIELECTRIC PROP

TYPE

DIELECTRIC CONSTANT, g
DIELECTRIC STRENGTH, E,
BLACK BODY SUBSCLAR TERMP, Te
ABSORBTIVITY, &
EMISSIVITY, <
EQUILIBRIUM TEWP, T,
TEMPERATURE COEF, £

1

Ry Co
CIRCUIT LOSS FACTOR, m\m\w

LEAKAGE FACTOR,

DENSITY, p

SPECIFIC HEAT CAP, Cp
THICKNESS, 1
ROTATIONAL FREQ, f

RTIES
POLYETHELERE TEREPHTHALATE
3,1x8.83x 107 FARADS

6 x 108 VOLTS/CH

392°K

23

1.4 gm/cm®
.3 CAL/gm-
6.25 x 10”4 ¢
2 Cps



CIRCUIT SCHEMATIC OF POWER SUFFLY
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TYPICAL DIELECTRIC FILM POWER SUPPLY

SFIN STARILIZED,2 P8
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POWER . 60 WAT3

FILM WEIGHT | 5 PRUMDS
POWER SYSTEM WT! & FOUNDS
PAYLLOAD WEL ¢ 102 POURDS
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